
Reprinted from Model-Prototype Correlation o f  Hydraulic Structures 
Proceedings o f  International Symposium, H Y D ~ V ~ A S C E  

Colorado Springs, CO., August 9-1 1 ,  1 988 

SUBMERGED FLOW IN PARSHALL FLUMES 

H i l a i r e  Peck* 

ABSTRACT 

Recent data c o l l e c t e d  i n  a 1 - foo t  Parsha l l  f lume located i n  the Bureau 
o f  Reclamation's h y d r a u l i c  l a b o r a t o r y  i n d i c a t e  a s i g n i f i c a n t  discont inu- 
i t y  i n  t he  discharge/submergence r e l a t i o n s h i p .  There i s  a range o f  
submergence over which two values o f  d ischarge can occur f o r  the same 
submergence and upstream head. The data i nd i ca te  e r ro rs  as la rge 
as 12 percent  can occur between the ac tua l  discharge and the discharge 
c a l c u l a t e d  by P a r s h a l l ' s  method. A f r e e  f l o w  equation and two equations 
t h a t  c o r r e c t  f o r  submergence e f f e c t s  were developed. An equation 
was developed f o r  each s ide  o f  the  d i s c o n t i n u i t y  i n  the submerged 
zone. Fu r the r  data  c o l l e c t i o n  and ana l ys i s  are planned. U n t i l  t h i s  
work i s  completed, i t  i s  recomnended t h a t  1- foot  Parshal l  flumes be 
operated below 86 percent submergence and t h a t  the  equation developed 
i n  t h i s  s tudy be used t o  c o r r e c t  f o r  submergence e f f e c t s .  

INTRODUCTION 

Under submerged f l o w  cond i t i ons  discharge va r i es  w i t h  upstream head 
(Ha) and submergence where submergence i s  the  downstream head (Hb) 
d i v i d e d  by Ha. As an a i d  t o  t he  ana l ys i s  o f  the  f unc t i ona l  r e l a t i o n -  
s h i p  between these three var iab les ,  one va r i ab le  should be he ld  constant 
w h i l e  t he  o the r  two a re  var ied.  Previous s tud ies  o f  submerged f low 
i n  Parsha l l  f lumes [Parsha l l ,  1928 and Skogerboe. e t  a l . ,  19671 d i d  
n o t  c o l l e c t  data a t  c o l s t a n t  discharges, upstream heads, o r  submergence. 
As a r e s u l t  t h e i r  da ta  are  w ide l y  sca t te red  when p l o t t e d  and v i s u a l  
ana l ys i s  requ i res  a s i g n i f i c a n t  amount o f  i n t e r p o l a t i o n  through the 
data.  Data f o r  t h i s  study were c o l l e c t e d  and analyzed a t  constant 
upstream heads; t he re fo re ,  changes i n  f l o w  regimes were mere e a s i l y  
recognized. 

Th i s  s tudy was i n i t i a t e d  t o  determine the  bes t  method t o  p r e d i c t  d i s -  
charge i n  the  submerged f l o w  region. P a r s h a l l ' s  equat ion  and an equa- 
t i o n  recomnended i n  a p u b l i c a t i o n  by Utah Sta te  U n i v e r s i t y ' s  Col lege 
o f  Engineer ing Water Research Laboratory [Skogerboe. e t  a l . .  19671 
were considered. Data c o l l e c t e d  a t  an Ha o f  1.0 f e e t  i n d i c a t e d  a 
s i g n i f i c a n t  d i s c o n t i n u i t y  i n  t he  discharge/submergencr r e l a t i o n s h i p  
n o t  i d e n t i f i e d  by  prev ious researchers.  Equations t h a t  Tore accura te ly  
p r e d i c t  d ischarge i n  the  submerged f l o w  reg ion  were then developed. 

*Hydrau l ic  Engineer, Hydraul f c s  Branch, U. S. Bureau o f  Reclamation, 
0-1532, PO Box 25007. Denver CO 80225. 
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STUDY METHODOLOGY 
1 .  SUBMERGED FLOW I N  PARSHALL FLUMES 

I where Q i s  discharge i n  f t 3 / s  and Ha i s  upstream head i n  feet. 

Piezometer taps (5/16-inch-diameter) were i n s t a l l e d  a t  the standard 
l oca t i ons  fo r  Ha and H as recomnended i n  the  Bureau o f  Reclamation's 
water Measurement Manua! [USBR. 19841. S t i l l i n g  we l l s  w i t h  hook gauges 
were used t o  measure Ha and Hb. H was a l so  measured w i t h  a pressure 
transducer. A computerized PID !proport ional  i n t e g r a l  d e r i v a t i v e )  
con t ro l  system was used t o  main ta in  a constant value o f  Ha. The con- 
t r o l l e r  ad jus ted discharge by regu la t i ng  a gate valve t o  m a ~ n t a i n  / 
the  t a r g e t  value o f  Ha. The degree o f  submergence was c o n t r o l l e d  - 
by adding o r  removing t a i l b o a r d s  a t  a canal sec t i on  16 f e e t  downstream 
of the flume. Adding and removing ta i l boa rds  have the e f f e c t  o f  ; j increas ing and decreasing downstream resistance. The c o n t r o l l e r  would 

a au tomat i ca l l y  ad jus t  the discharge t o  main ta ln  Ha. A t  some data po in ts ,  - 
a constant value o f  Ha was maintained by manually c o n t r o l l i n g  the 
gate valve. These data po in t s  matched we l l  w i t h  the data po in t s  
obtained w i t h  the use o f  the c o n t r o l l e r .  u 

m 

Data were c o l l e c t e d  a t  upstream heads o f  0.6, 1.0. 1.5, and 2.0 feet. 
A l l  Ha and Hb data values a re  the average o f  s i x  readings obtained 
w i t h  the hook gauge. I f  the average Ha reading d i f f e r e d  more than 
0.3 percent from the t a r g e t  value o f  Ha the data p o i n t  was discarded. 

RESULTS 

The data a t  upstream heads o f  0.6, 1.0, and 1.5 f e e t  i n d i c a t e  a discon- 
t i n u i t y  i n  the submergence/discharge re la t i onsh ip .  A c l e a r  d i f f e r e n c e  
i n  the appearance o f  the f l o w  between data t h a t  p l o t s  t o  t he  r i g h t  
of the d i s c o n t i n u i t y  and data t h a t  p l o t s  t o  the l e f t  o f  the d iscont inu-  
i t y  ( f i g .  1) was noted a t  each o f  these upstream heads. F igure  1 
shows the data  a t  upstream heads o f  1.0 and 1.5 feet .  Flow a t  a l l  
data po in t s  t h a t  p l o t  t o  the r i g h t  o f  the d i s c o n t i n u i t y  are  character-  
i zed  by a "V "  shaped surface disturbance i n  t he  flume throat .  Flow 
a t  a l l  da ta  p o i n t s  t h a t  p l o t  t o  the l e f t  o f  the d i s c o n t i n u i t y  are  
character ized by a "U" shaped surface disturbance i n  the flume th roa t .  
At upstream heads of 0.6 and 1.0 f o o t  the t r a n s i t i o n  zone between 
f l o w  w i t h  a " V "  shaped surface disturbance and f l o w  w i t h  a "U" shaped 
surface d is turbance i s  sharp and occurs over a very  small range o f  
discharge. A wider t r a n s i t i o n  zone between the two types o f  sur face 
disturbance occurs a t  an Ha o f  1.5 fee t ;  between 5.2 f t 3 / s  and 5.8 f t 3 / s  
the f l ow  o s c i l l a t e s  between a " V "  shaped and a "U" shaped disturbance. 

The data a t  an Ha o f  2.0 f e e t  do n o t  i n d i c a t e  a c l e a r  d i s c o n t i n u i t y  
when p lo t ted .  However, f l o w  above 94 percent submergence i s  character -  
i zed  by a "U" shaped sur face disturbance and f l o w  below 90 percent 
submergence i s  character ized by a " V "  shaped surface disturbance. 
Between 90 and 94 percent submergence the discharge va r ies  from 8 f t 3 / s  
t o  9 f t3 /s .  I n  t h i s  discharge range the f l o w  o s c i l l a t e s  between a 
"U" shaped and a"V" shaped sur face disturbance. 

Data a t  submergence o f '  60 percent o r  l e s s  were used t o  develop a f ree 
flow equation. A l i n e a r  regression ana lys i s  resu l ted  i n  the equat ion: 

Discharge (cfr) 

Figure 1. - P l o t  o f  discharge versus submergence. 

Discharge a t  data po in t s  w i t h  submergence above 60 percent were sub- 
t r a c t e d  from the discharge ca l cu la ted  w i t h  equat ion 1 t o  ob ta in  the 
reduct ion i n  discharge due t o  submergence. M u l t i p l e  regression ana lys is  
o f  data t o  the  r i g h t  of the d i s c o n t i n u i t y  a t  a l l  values o f  Ha resu l ted  
i n  the equation: 

DQ = 0.000132 H ~ ~ ' ~ ~ ~  e 9'284 (2) 

i n  which DQ i s  t he  reduct ion i n  discharge due t o  submergence e f f e c t s  
i n  f t 3 / s ,  S i s  the percent submergence d i v ided  by 100, and e i s  equal 
t o  2.7183. 

M u l t i p l e  regress ion ana lys i s  o f  data t o  the l e f t  o f  t he  d i s c o n t i n u i t y  
r e s u l t e d  i n  the equat ion: 

DQ = .0000324 e 
11.333 S 1.567 S log(Ha) (3)  

The t o t a l  d ischarge a t  submergence o f  60 percent o r  g rea te r  i s  deter -  
mined by sub t rac t i ng  e i t h e r  equat ion 2 o r  3 f rom equat ion 1. The 
curves on f i g u r e  1 labe led "USBR" were computed w i t h  equations 1, 
2, and 3. These equat ions a l so  f i t  the data  a t  upstream heads of 
0.6 and 2.0 f e e t  much b e t t e r  than e i t h e r  P a r s h a l l ' s  o r  Utah S ta te ' s  
equation. More data and ana lys i s  are  requ i red before  the l o c a t i o n  
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o f  t he  d i s c o n t i n u i t y  as a  f u n c t i o n  o f  Ha can be c l e a r l y  def ined. 
U n t i l  then i t  i s  recomnended t h a t  1- foot  Parsha l l  f lumes be operated 
below 86 percent submergence, there fore ,  o n l y  equat ion  2  should be 
used t o  c o r r e c t  f o r  submergence e f f e c t s .  

ANALYSIS 

It i s  gene ra l l y  be l ieved t h a t  o n l y  Ha i s  needed t o  determine discharge 
through Parsha l l  flumes when s u p e r c r i t i c a l  f l o w  occurs i n  t he  f lume 
th roa t .  However, t h i s  i s  t r u e  o n l y  i f  the  f l o w  always passes through 
c r i t i c a l  depth a t  the  same loca t i on .  I f  the l o c a t i o n  o f  c r i t i c a l  
depth changes, the  d is tance between c r i t i c a l  depth and the measuring 
p o i n t  f o r  Ha w i l l  a l s o  change. Thus, the  l eng th  a v a i l a b l e  f o r  develop- 
ment o f  t he  f l o w  p r o f i l e  w i l l  change. I t  i s  be l i eved  the curvature  
of t he  data  t o  the  r i g h t  o f  t he  d i s c o n t i n u i t y  i s  due t o  t he  c r i t i c a l  
depth l o c a t i o n  s h i f t i n g  downstream as the submergence i s  increased. 
A t  low submergence the  f l o w  passes through c r i t i c a l  depth on the  h o r i -  
zon ta l  sec t i on  upstream o f  the  t h roa t .  As res i s tance  t o  f l o w  i s  
increased the  f l o w  requ i res  a  g rea te r  d is tance t o  reach c r i t i c a l  depth. 
Thus the  l o c a t i o n  where c r i t i c a l  depth occurs moves downstream along 
the h o r i z o n t a l  sec t ion .  The r e s u l t  i s  a  longer  H2 f l o w  p r o f i l e  between 
the  c r i t i c a l  depth l o c a t i o n  and the measuring p o i n t  f o r  Ha. The depth 
a t  Ha w i l l  now be greater  f o r  the  same discharge due t o  the  longer  
HZ f l o w  p r o f i l e .  To main ta in  the  same depth a t  Ha t h e  discharge must 
be lowered. Froude numbers obta ined a t  the  downstream end of the  
c r e s t  a t  an Ha o f  1.5 f e e t  v e r i f y  t h a t  f l o w  i s  passing through c r i t i c a l  
depth a t  much h ighe r  submergence than p rev ious l y  thought. The Froude 
number o f  t he  f l o w  a t  p o i n t  4 ( f i g .  1 )  i s  1.1, i n d i c a t i n g  s u p e r c r i t i c a l  
f l o w  on t h e  end o f  the  f lume c res t .  The Froude number o f  t he  f low 
a t  da ta  p o i n t s  t o  t he  r i g h t  o f  t he  d i s c o n t i n u i t y  s t e a d i l y  increases 
as t he  submergence decreases. The " V "  shaped sur face d is turbance 
a t  da ta  p o i n t s  t o  t he  r i g h t  o f  t he  d i s c o n t i n u i t y  i s  t he re fo re  a  hydrau- 
l i c  jump. For d iscuss ion o f  f l o w  p r o f i l e s  r e f e r  t o  pages 222-237 
i n  "Open Channel Hydrau l ics"  [Chow, 19591. 
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The Froude number o f  the  f l o w  a t  p o i n t  3  ( f i g .  1 )  i s  0.9 on the  end 
o f  the  f lume c res t ,  i n d i c a t i n g  s u b c r i t i c a l  f low.  Since f l o w  a t  Ha 
i s  s u b c r i t i c a l ,  the  o n l y  poss ib le  f l o w  p r o f i l e  along the h o r i z o n t a l  
sec t i on  i s  an H2 p r o f i l e .  The o n l y  p r o f i l e  poss ib le  on the  steep 
sec t i on  i s  an S1 p r o f i l e  s ince the f l o w  does n o t  pass through c r i t i c a l  
depth wh i l e  on the  h o r i z o n t a l  sec t ion .  An H2 p r o f i l e  cannot make 
a  smooth t r a n s i t i o n  i n t o  an S1 p r o f i l e .  I t i s  be l ieved the "U" shaped 
surface d is turbance i s  t he  r e s u l t  o f  an HZ p r o f i l e  i n t e r s e c t i n g  an 
S1 p r o f i l e .  The Froude number o f  the  f l o w  a t  data p o i n t s  t o  the  l e f t  
o f  the  d i s c o n t i n u i t y  cont inues t o  decrease as the  submergence i s  
increased. 

Flow p r o f i l e  1 on f i gu re  2  corresponds t o  p o i n t  1 on f i g u r e  1. Flow 
p r o f i l e  2  corresponds t o  p o i n t  2. A very  s l i g h t  change i n  downstream 
res is tance t o  f low r e s u l t s  i n  the  p l o t  o f  the  data  changing from p o i n t  1  
t o  p o i n t  2  o r  v i c e  versa. The change i n  discharge between p o i n t  1 
and 2  i s  l e s s  than 2  percent;  t he re fo re ,  c r i t i c a l  depth o f  the  f l o w  
i s  v i r t u a l l y  t he  same a t  both  data po in t s .  A hyd rau l i c  jump occurs 
i n  t he  f low o f  p o i n t  2  a t  approximately the  l o c a t i o n  shown i n  f i g u r e  2. 
The sequent depth of the  hyd rau l i c  jump i s  approximately the  water 
e l e v a t i o n  i n  t he  adversely sloped sect ion .  There i s  l i t t l e  change 
i n  water e l e v a t i o n  between a  sec t i on  immediately a f t e r  the hyd rau l i c  
jump and the  measuring p o i n t  f o r  Hb. I t  was noted t h a t  a t  p o i n t  1  
the  surface d is turbance had moved approximately 1 f o o t  downstream 
o f  the h y d r a u l i c  jump l o c a t i o n  f o r  f l o w  p r o f i l e  2. The f l o w  d is turbance 
of  p r o f i l e  1 i s  due t o  t he  i n t e r s e c t i o n  of an H2 p r o f i l e  w i t h  an S1 
p r o f i l e .  The H2 p r o f i l e  must extend i n t o  t h e  steep sec t i on  s ince 
the  f l o w  d is turbance occurs on the steep sect ion .  It i s  be l i eved  
the S1 p r o f i l e  a l s o  extends beyond the steep sec t i on  onto the  adverse 
sect ion  as shown. Since t h e  f low a t  p o i n t  1 does n o t  go through a  
hyd rau l i c  jump, t he  f low must f o l l o w  an $1 p r o f i l e  up t o  the  A2 p r o f i l e .  
The d i f f e r e n c e  i n  Hb between p o i n t  1 and 2  f o r  v i r t u a l l y  the  same 
discharge i s  due t o  the  S1 p r o f i l e  o f  t h e  f l o w  a t  p o i n t  1 beginning 
a t  a  lower water e l e v a t i o n  than the  S1 f l o w  p r o f i l e  o f  p o i n t  2  and 
t o  t he  H2 and S1 p r o f i l e s  extending beyond the  ho r i zon ta l  and steep 
sect ions  respec t i ve l y .  I n  t he  t r a n s i t i o n  zone a t  upstream heads of 
1.5 and 2.0 f e e t  i t  was noted tha t ,  a t  a  constant  discharge, t he  f l o w  
p r o f i l e  o s c i l l a t e d  between the  two types shown i n  f i g u r e  2. 

Two discharge curves are  shown on f i g u r e  1  f o r  the  1 - foo t  t e s t  f lume 
i n  the  h y d r a u l i c  l abo ra to ry .  Each curve represents t he  discharge/ 
submergence r e l a t i o n s h i p  f o r  a  constant t a i l b o a r d  con f i gu ra t i on  and 
the re fo re  a  constant downstream res is tance.  A s l i g h t  increase i n  
downstream res i s tance  caused the discharge/submergence r e l a t i o n s h i p  
t o  s h i f t  f rom curve 1  t o  curve 2  ( f i g .  1). I n  a  f i e l d  s i t u a t i o n  a  
change i n  downstream res i s tance  can be caused by cons t ruc t i on  o f  a  
new check gate  s t ruc tu re ,  a  change i n  check gate  p o s i t i o n ,  o r  vegeta t ion  
growth. These changes w i l l  p robab ly  s h i f t  t he  discharge curve more 
than shown on f i g u r e  1. 

CONCLUSIONS 

F igure  2. - Flow p r o f i l e s  i n  t e s t  f lume ( I - f t  t h r o a t  w id th) .  

A s i g n i f i c a n t  d i s c o n t i n u i t y  was found t o  occur i n  the submergence/dis- 
charge r e l a t i o n s h i p  o f  1 - f oo t  Parsha l l  f lumes. The d i s c o n t i n u i t y  
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i s  be l i eved  t o  be due t o  t he  f l o w  regime changing from a s t a t e  i n  
which c r i t i c a l  depth occurs on the  ho r i zon ta l  sec t i on  t o  a s t a t e  i n  
which t h e  f l o w  i s  s u b c r i t i c a l  throughout t he  flume. The data i n d i c a t e  
t h a t  s u p e r c r i t i c a l  f l o w  occurs on the c r e s t  a t  much h igher  submergence 
than p r e v i o u s l y  thought.  A f r e e  f l o w  equat ion  was developed from 
data a t  60 percent  submergence o r  less .  Two equat ions t h a t  c o r r e c t  
f o r  r educ t i on  i n  discharge due t o  submergence e f f e c t s ,  one f o r  each 
s ide  o f  t he  d i c o n t i n u i t y ,  were developed from data  a t  submergence 
g rea te r  than 60 percent.  

U n t i l  f u r t h e r  data  c o l l e c t i o n  and ana l ys i s  are  p e r f o m d  i t  i s  recom- 
mended t h a t  1- foot  Parsha l l  flumes be operated below 86 percent submerg- 
ence. For submergence l ess  than 60 percent equat ion  1 can be used 
alone. For submergence between 60 and 86 percent equat ion  2 should 
be subt rac ted f rom equat ion 1. 
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APPENDIX 2 - U. S. Customary - SI  Conversion Factors 

1 i n c h  = 25.4 m i l l i m e t e r s  
1 f o o t  = 0.3048 meters 
1 f t 3  = 0.0283 cub ic  meters 


